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Abstract: Ternary Sn−Zn−Ni alloys were prepared and equilibrated at 250 °C for 4−15 weeks. The phases formed in these 
equilibrated alloys were determined experimentally. The isothermal section of Sn−Zn−Ni system was constructed, based on the phase 
diagrams of the three constituent binary systems and the ternary phase equilibria data, determined in this study and referenced in 
literatures. 12 single-phase regions were identified in the Sn−Zn−Ni ternary system at 250 °C, including the three ternary compounds, 
δ, τ1 and τ2. There were 13 ternary phase regions and 23 binary phase regions in the 250 °C Sn−Zn−Ni isothermal section. The 
solubility of Zn in the binary Sn−Ni compounds is significant, and is 15.1% (mole fraction) in the Ni3Sn phase. 
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1 Introduction 
 
Pb-free solders have been the subject of intensive 
study, because of the requirements for lead-free solders 
and the emerging applications of flip chip and through 
silicon via [1−15]. Sn−Zn-based alloys are promising 
Pb-free solders [1−15] and Ni is commonly used as 
diffusion barrier [7−15]. If Sn−Zn-based alloys are used, 
it is important to have an understanding of Sn−Zn/Ni 
joints. The knowledge of the Sn−Zn−Ni phase equilibria 
is essential for the understanding of interfacial reactions 
and related solder development. However, only limited 
information is available, regarding the phase equilibrium 
of the Sn−Zn−Ni ternary system [7, 12−15]. 
CHIU et al [7] reported a ternary Sn43Zn22Ni35 
compound for the first time based on interfacial reaction 
results. CHANG et al [12] determined the phase 
equilibria isothermal sections, on the Sn−Ni3Sn−NiZn− 
Zn side, at 200 °C, 500 °C and 800 °C, and found two 
ternary compounds, τ1 and τ2. GANDOVA et al [13] 
studied the isothermal section at 600 °C, and also 
reported two ternary compounds, T1 and T2, but their 
compositions were different to those discovered by 
CHANG et al [12]. LIANG et al [14] determined the 
isothermal section at 500 °C, and found three ternary 
compounds, δ, τ1 and τ2. WANG et al [15] examined the 
isothermal section near the Sn−Zn side at 250 °C, and 
confirmed the existence of τ phase. 
This study determines the phase equilibria 
isothermal section of Sn−Zn−Ni ternary system at 250 
°C, which is of interest for soldering applications. 
Ternary Sn−Zn−Ni alloys were prepared and equilibrated 
at 250 °C, and the equilibrium phases were determined. 
The ternary phase equilibria results [7, 12−15] were 
evaluated. The Sn−Zn−Ni isothermal section at 250 °C 
was constructed based on the phase diagrams of the three 
constituent binary systems [16,17] and the ternary phase 
equilibria results determined in this study, and those 
available in Refs. [7, 12−15]. 
 
2 Experimental 
 
Sn−Ni ingots were prepared, using pure Sn 
(SHOWA, Japan, 99.95% purity) and pure Ni (Aldrich, 
USA, 99.99% purity). A total amount of approximately 2 g 
of pure constituent elements were weighed and melted 
by arc melting. The samples were weighed, before and 
after arc melting, to ensure no loss of mass. The 
arc-melted Sn−Ni ingots were encapsulated with proper 
amount of pure Zn (SHOWA, Japan, 99.9% purity) in 
quartz tubes at 0.1 Pa vacuum. The capsules were 
heat-treated at 600 °C for 1 week, at 1 000 °C for 2 
weeks, and then quenched in water. The quenched 
samples were equilibrated at 250 °C for 4−15 weeks, 
removed from the furnace and then quenched in water. 
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The equilibrated samples were mounted in epoxy 
and polished with 1.0 and 0.3 μm Al2O3 suspension. The 
samples were metallographically examined, using an 
optical microscope (OM, Olympus, BH, Tokyo, Japan) 
and a scanning electron microscope (SEM, JEOL 
JSM−5400). The compositions were determined by 
energy dispersive X-ray spectrometry (EDS, JEOL 
JSM−5400, Tokyo, Japan) and electron probe 
microanalysis (EPMA, JEOL JXA−8600SX, Tokyo, 
Japan). For the EPMA measurements, pure elemental 
standards and ZAF corrections were used [18]. Powder 
X-ray diffraction analysis (XRD) was conducted to 
determine the phase, using an X-ray diffractometer 
(Rigaku, Ru-H3R, Tokyo, Japan). 
 
3 Results and discussion 
 
Fifteen alloys were prepared with compositions as 
shown in Fig. 1 and Table 1. Figure 2 shows the 
backscattered electron image (BEI) micrograph of alloy 
8 (Sn−75.0%Zn−5.0%Ni). Three different phase regions 
can be seen: the dark phase with a region of porosity, the 
gray phase region and the bright phase region. The 
composition of the dark phase is Zn−0.2%Ni, which is  
 
Table 1 Phase equilibria of Sn−Zn−Ni alloys at 250 °C 
Composition (mole fraction)/% 
Alloy Nominal composition Phase in equilibrium 
Sn Zn Ni 
1 Sn−10.0%Zn−10.0%Ni 
δ 
L 
44.6 
96.9 
21.0 
3.1 
34.4 
0.0 
2 Sn−15.0%Zn−5.0%Ni 
Ni5Zn21 
δ 
L 
2.7 
44.6 
99.1 
81.4 
20.4 
0.8 
15.9 
35.0 
0.0 
3 Sn−25.0%Zn−5.0%Ni 
Ni5Zn21 
L 
2.4 
99.1 
80.9 
0.9 
16.7 
0.0 
4 Sn−35.0%Zn−5.0%Ni 
Ni5Zn21 
L 
0.2 
96.5 
74.8 
3.5 
25.0 
0.0 
5 Sn−42.5%Zn−7.5%Ni 
Ni5Zn21 
L 
3.3 
93.8 
79.4 
6.2 
17.3 
0.0 
6 Sn−45.0%Zn−15.0%Ni 
Ni5Zn21 
δ 
L 
2.4 
44.6 
96.7 
81.0 
24.6 
3.3 
16.6 
30.8 
0.0 
7 Sn−65.0%Zn−5.0%Ni 
Zn 
Ni5Zn21 
L 
1.7 
2.1 
92.4 
98.2 
81.3 
7.5 
0.1 
16.6 
0.1 
8 Sn−75.0%Zn−5.0%Ni 
Zn 
Ni5Zn21 
L 
0.0 
1.9 
89.6 
99.8 
81.7 
10.4 
0.2 
16.4 
0.0 
9 Sn−85.0%Zn−5.0%Ni 
Zn 
Ni5Zn21 
L 
0.05 
1.8 
91.0 
99.9 
82.1 
8.9 
0.05 
16.1 
0.1 
10 Sn−80.0%Zn−10.0%Ni 
Zn 
Ni5Zn21 
L 
0.0 
1.8 
89.2 
99.6 
82.0 
10.6 
0.4 
16.2 
0.2 
11 Sn−70.0%Zn−20.0%Ni 
Ni5Zn21 
δ 
3.1 
43.6 
76.5 
26.2 
20.3 
30.2 
12 Sn−20.0%Zn−70.0%Ni 
Ni 
Ni3Sn 
4.0 
17.7 
23.4 
15.1 
72.6 
67.2 
13 Sn−10.0%Zn−80.0%Ni 
Ni 
Ni3Sn 
7.5 
22.3 
11.2 
3.2 
81.3 
74.5 
14 Sn−10.0%Zn−70.0%Ni 
Ni 
Ni3Sn 
5.9 
22.0 
20.2 
5.6 
73.9 
72.4 
15 Sn−35.0%Zn−15.0%Ni 
Ni5Zn21 
δ 
L 
4.5 
44.8 
96.4 
82.2 
26.3 
3.5 
13.3 
28.9 
0.1 
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Fig. 1 Isothermal section of Sn−Zn−Ni system at 250 °C 
superimposed with alloys examined in this study 
 
 
Fig. 2 BEI micrograph of alloy 8 (Sn−75.0%Zn−5.0%Ni) 
annealed at 250 °C 
 
the Zn phase with very small Ni solubility. The 
composition of the gray phase is Sn−81.7%Zn−16.4%Ni, 
which is the γ-Ni5Zn21 phase with 1.9% Sn. A close-up 
image of the bright phase region reveals that it is not a 
single-phase region. The average composition of the 
bright region is Sn−10.4%Zn. According to the Sn−Zn 
binary diagram [16], the bright phase region should be 
the liquid phase, prior to the sample’s removal from the 
furnace at 250 °C, and the Sn and Zn phases form from 
the liquid phase during solidification. The XRD pattern 
is shown in Fig. 3. The results are in agreement with the 
microstructural analysis findings that alloy 8 is in the 
liquid+γ-Ni5Zn21+Zn three-phase region at 250 °C. Similar 
results are observed for alloys 7, 9 and 10, which are all 
in the ternary liquid+γ-Ni5Zn21+Zn tie-triangle at 250 °C. 
Figure 4 show the BEI micrograph of alloy 4 
(Sn−35.0%Zn−5.0%Ni). A dark phase region and a 
bright two-phase mixture region are observed. The 
composition of the dark phase is Sn−74.8%Zn−25.0%Ni, 
 
 
Fig. 3 XRD pattern of alloy 8 (Sn−75.0%Zn−5.0%Ni) annealed 
at 250 °C 
 
which is the γ-Ni5Zn21 phase with very small Sn 
solubility. The bright phase region is a two-phase 
mixture region. Its average composition is Sn−3.5%Zn, 
as determined by EPMA measurements. Using similar 
reason to that already mentioned, this phase is the liquid 
phase prior to its removal from the furnace. The XRD 
pattern is shown in Fig. 5 which shows the diffraction 
peaks of Sn and γ-Ni5Zn21 phases. Both Sn and Zn 
phases are solidified from the liquid phase during the 
cooling process, but the signals from the Zn phase are 
too small to be detected. The results confirm that alloy 4 
is in the γ-Ni5Zn21+liquid two-phase region at 250 °C. 
Similar results were found for alloys 3 and 5, which are 
all in the γ-Ni5Zn21+liquid two-phase region. 
Figure 6 shows the BEI micrograph of alloy 1 
(Sn−10.0%Zn−10.0%Ni). Two different phase regions 
can be seen: the dark phase region and the bright phase 
region. The bright phase region is a two-phase mixture; 
its average composition is Sn-3.1%Zn. Using similar 
reason to that already mentioned, the bright region is the 
liquid phase of the Sn−Zn binary system at 250 °C. The  
 
 
Fig. 4 BEI micrograph of alloy 4 (Sn−35.0%Zn−5.0%Ni) 
annealed at 250 °C 
Sinn-wen CHEN, et al/Progress in Natural Science: Materials International 21(2011) 386−391 389
 
 
Fig. 5 XRD pattern of alloy 4 (Sn−35.0%Zn−5.0%Ni) annealed 
at 250 °C 
 
composition of the dark δ phase is Sn−21.0%Zn− 
34.4%Ni. The Sn43Zn22Ni35 phase reported by CHIU et al 
[7], the phase reported by CHANG et al [12], the T1 
phase reported by GANDOVA et al [13], the δ phase 
reported by LIANG et al [14] and the τ phase reported by 
WANG et al [15] all have similar compositions which are 
very close to that of this compound. In order to avoid 
confusion, the nomenclature, δ phase, used by LIANG et 
al [14] is adopted in this study. LIANG et al [14] 
proposed a cubic structure with space group mp 34 , and 
calculated its diffraction patterns. The XRD pattern of 
alloy 1 is shown in Fig. 7. The results concur that the 
alloy 1 is in the liquid+δ two-phase region. 
Figure 8 shows the BEI micrograph of alloy 6 
(Sn−45.0%Zn−15.0%Ni). Three different phases are 
observed: the dark phase, the gray phase and the bright 
phase regions. Using similar experimental and analytical 
procedures, these are determined to be the γ-Ni5Zn21 
phase, the δ phase and the liquid phase at 250 °C. As 
summarized in Table 1, alloys 2, 6 and 15 are all in the 
γ-Ni5Zn21+liquid+δ ternary phase region. 
Figure 9 shows the BEI micrograph of alloy 12 
 
 
Fig. 6 BEI micrograph of alloy 1 (Sn−10.0%Zn−10.0%Ni) 
annealed at 250 °C 
 
 
Fig. 7 XRD pattern of alloy 1 (Sn−10.0%Zn−10.0%Ni) 
annealed at 250 °C 
 
 
Fig. 8 BEI micrograph of alloy 6 (Sn−45.0%Zn−15.0%Ni) 
annealed at 250 °C 
 
 
Fig. 9 BEI micrograph of alloy 12 (Sn−20.0%Zn−70.0%Ni) 
annealed at 250 °C 
 
(Sn−20.0%Zn−70.0%Ni). Two phase regions can be seen. 
The composition of the dark phase is Ni−4.0%Sn− 
23.4%Zn. According to the Ni−Zn binary diagram [17], 
the dark phase is the Ni phase with very large 23.4%Zn 
solubility. The composition of bright phase is 
Sn−15.1%Zn−67.2%Ni, and is the Ni3Sn phase with 
15.1% Zn solubility. Similar results were found for 
alloys 13 and 14, which are in the Ni+Ni3Sn two-phase 
region. 
As summarized in Table 2, the δ phase was 
Sinn-wen CHEN, et al/Progress in Natural Science: Materials International 21(2011) 386−391 390 
 
Table 2 Ternary compounds in Sn−Zn−Ni system 
Compounds Investigator Nomenclature Composition 
This study δ Sn−23.7(20.4−26.3)%Zn−31.8(28.9−35.0)%Ni 
CHIU et al [7] (350−400 °C) Sn43Zn22Ni35 Sn43Zn22Ni35 
CHANG et al [12] (200 °C) τ2 Sn−21.5(17.11−24.90)%Zn−38.5(38.75−38.67)%Ni 
GANDOVA et al [13] (600 °C) T1 Sn−25.8(22.0−29.0)%Zn−35.4(32.0−38.0)%Ni 
LIANG et al [14] (500 °C) δ Sn−24.4(19.6−26.9)%Zn−36.8(32.9−39.7)%Ni 
WANG et al [15] (250 °C) τ Sn−20.6(20.0−21.7)%Zn−35.9(34.5−40.1)%Ni 
δ 
CHANG et al [12] (200 °C) τ1 Sn−30.78(30.6−30.96)%Zn−40.05%Ni 
GANDOVA et al [13] (600 °C) T2 Sn−18.8(17.0−22.0)%Zn−55.0%Ni 
τ1 
LIANG et al [14] (500 °C) τ1 Sn−13.7(8.4−19.9)%Zn−49.7(46.2−52.4)%Ni 
τ2 LIANG et al [14] (500 °C) τ2 Sn−31.4(26.9−35.3)%Zn−48.2(47.5−49.2)%Ni 
 
observed in all of the phase equilibria studies [7, 12−15] 
of the Sn−Zn−Ni system, but the reported compositions 
vary. Although CHANG et al found two different phases, 
τ1 and τ2, near the δ phase region at 200 °C [12], this 
study and others [7, 13−15] only found one compound 
near this region. Since most of the results [12−15] reveal 
that this compound has a significant range of 
compositional homogeneity, it is assumed that the two 
compounds reported by CHANG et al [12] are the same 
compound with different compositions, and that there is 
only one δ phase near this region, with a composition of 
Sn−(20.6%−30.8%)Zn−(35.4%−40.1%)Ni. 
GANDOVA et al found a T2 phase [13], whose 
composition is close to that of the τ1 phase observed by 
LIANG et al [14]. It is presumed that the T2 phase 
discovered by GANDOVA et al [13] and the τ1 phase 
discovered by LIANG et al [14] are the same phase. The 
nomenclature τ1 used by LIANG et al [14] is adopted in 
this study, and its composition is Sn−(8.4%−22.0%)Zn− 
(46.2%−55.0%)Ni. LIANG et al [14] proposed that the τ1 
compound is a Zn stabilized Ni3Sn2 phase. LIANG et al 
[14] also reported the formation of τ2 phase which is a 
Sn-stabilized Ni−Zn phase, and its composition is 
Sn−(26.9%−35.3%)Zn−(47.5%−49.2%)Ni. 
Based on the ternary data determined in this study, 
data in Refs. [7, 12−15] and the phase diagrams of the 
three binary constituent systems [16−17], the isothermal 
section of the Sn−Zn−Ni system at 250 °C is shown in 
Fig. 10. Sn is completely molten at 250 °C. Along the 
Sn−Zn side, there are three phase regions: the liquid 
phase region, the liquid+Zn two-phase region and the Zn 
phase region. Along the Sn−Ni side at 250 °C, there are 
five single-phase regions: liquid, Ni3Sn4, Ni3Sn2, Ni3Sn 
and Ni, and four two-phase regions. Along the Zn−Ni 
side, there are five single-phase regions: Zn, Ni3Zn22, 
Ni5Zn21, NiZn and Ni, and four two-phase regions. Three 
ternary compounds, δ, τ1 and τ2, exist in the isothermal 
section of the Sn−Zn−Ni system at 250 °C. It should be 
mentioned that further study of the three ternary 
compounds is required. The compositional ranges and 
structures of both τ1 and τ2 must be verified. Although the 
existence of the δ phase has been confirmed by most 
researchers, its compositional range and its structure as 
proposed by LIANG et al [14] remain to be confirmed. 
 
 
Fig. 10 Isothermal section of Sn−Zn−Ni system at 250 °C 
 
4 Conclusions 
 
The 250 °C isothermal section of the phase 
equilibria of the Sn−Zn−Ni ternary system was 
constructed. There are 12 single phase regions. In 
addition to the three ternary compounds, δ, τ1 and τ2, 
there are liquid, Zn, Ni3Zn22, Ni5Zn21, NiZn, Ni, Ni3Sn, 
Ni3Sn2 and Ni3Sn4 phases. There are 13 ternary phase 
regions and 23 binary phase regions in the Sn−Zn−Ni 
Sinn-wen CHEN, et al/Progress in Natural Science: Materials International 21(2011) 386−391 391
system at 250 °C. It appears that Ni5Zn21 and NiZn are 
very stable compounds, which have tie-lines with most 
of other phases. It should be mentioned that the 
constructed isothermal section is a preliminary version 
and that all three ternary phases require careful future 
study. For example, except for the δ phase, the 
verification is required as to whether τ1 and τ2 are ternary 
compounds, or binary compounds with significant 
solubilities. 
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